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SUMMARY

/ 4/_ _¢_ Upper atmosphere models for different levels of solar activ-
ity have been calculated by solving the heat conduction equation

under quasi-hydrostatic conditions through the procedure de-

scribed in detail in a previous paper. In these calculations the

fluxes of both heat sources (absorption of solar radiation in the

extreme ultraviolet, and a proposed "corpuscular" heat source)

are varied in proportion to the long-term averages of the 10.7 cm

solar flux to account for different levels of solar activity during

the solar cycle. The resulting temperatures of the exosphere can

be represented by Tmi. = 4.5S + 275 and Tin, X = 7.1S + 372, where

Tmi. and Tin,x are the diurnal minimum and maximum tempera-

tures (_K) respectively and s the monthly average of the

10.7 cm solar flux (in units of 10 -22 w/m2-cps). The slope for

Tin,_ is in good agreement with that found by Jacchia from

analysis of satellite drag.

The physical properties (temperature, density, pressure,

scale height, mean molecular weight and the number densities of

N 2, O 2, O, He, and H) are given as functions of local time and

altitudes between 120 and 2050 km for five different values of s.
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FORTHE SOLAR-CYCLEVARIATION

OF THE UPPER ATMOSPHERE

by

Isadore Harris and Wolfgang Priester*

Goddard Space Flight Center

INTRODUCTION

From an analysis of the physical behavior of upper atmosphere itis found that, in addi-

tion to the heating of the thermosphere by the absorption of solar extreme ultraviolet (EUV)

radiation, another heat source must be present which provides roughly the same amount of

heating as the EUV radiation (Reference i). Itis probable that this heat source derives its

energy ultimately from the solar "corpuscular" radiation and/or its "steady" component,

the solar wind. Conclusive evidence of the existence of this so-called corpuscular heat

source has also been obtained from analysis of changes in the orbital elements of artificial

satellites(References 2 and 3).

Both heat sources are expected to vary considerably during the solar cycle. To inves-

tigate the variations of these heat sources in comparison with the indices of solar activity,

theoretical models of the upper atmosphere have been calculated for five different sets of

flux values of the EUV and corpuscular heat sources. The models are obtained by solving

the time-dependent heat conduction equation under quasi-hydrostatic conditions, as de-

scribed in detailin a previous paper (Reference 1)which will be referred to hereafter as

"Paper I." In that paper, the four main effectswhich influence the physical properties of

the upper atmosphere were described. These effects have been discovered during the years

since 1958.

In the present paper the term "solar-cycle variation" will be understood as the change

of the atmospheric properties over the 11 year solar cycle after the 27 day variations of

the "solar activity effect" and the semiannual variations have been averaged out or removed

from the observed data by reduction to average solar activity levels or to yearly averages,

respectively. The solar-cycle variation, therefore, describes the reaction of the upper

*National Academy of Sciences-National Research Council Senior Research Associate with the National Aeronautics and

Space Administration's Institute for Space Studies; on leave from Bonn University Observatory.



2

atmosphere to the long-term decrease and increase of both the EUV and the corpuscular

heat source.

Observational evidence indicates that the 27 day variations are caused principally by

fluctuations of the EUV heat source, the flux of which probably parallels the solar deci-

meter radiation in the 3 to 30 cm wavelength range. This can be seen from the fact that

the decrease of the exospheric temperature obtained from the 27 day fluctuations in den-

sity for the years 1958 to 1961 has a slope considerably smaller than that of the decrease

of the yearly density averages (References 2, 3 and also 4, 5 and 6).

It seems plausible that the corpuscular heat source has, in general, no pronounced

variation with the solar rotational period of 27 days, although this may be an oversimplifi-

cation. The corpuscular heat source, however, has a semiannual variation occurring more

regularly than the geomagnetic semiannual variation: The semiannual variation in atmos-

pheric density is well pronounced in all years from 1958 through 1961, whereas the semi-

annual variation in geomagnetic indices can be found conclusively only from several years'

combined data.

The relatively steep decrease of the yearly averages of density for 1958 to 1961 indi-

cate that the heat sources have a pronounced variation in both their monthly and yearly

average fluxes over the 11 year solar cycle. Therefore it seems that a reasonable working

hypothesis would be that the average fluxes of both sources are proportional to either the

monthly or yearly averages of the solar decimeter radiation.

"O
i

Cr_

THE THEORETICALMODELS

The model presented in Paper I corresponds to an average 10.7 cm solar flux of

200× 10 -2_ w/m_-cps according to the reference level of the observational model

[H. A. Martin et al. (1961)], with which it is in good agreement. Here we shall select four

additional reference values of the 10.7 cm radiation: 250, 150, I00 and 70 (in units of

10 -22 w/m 2-cps). These models cover the entire range of the 10.7 cm flux variation during

a solar cycle. Figure 1 shows the behavior of the monthly averages of the 10.7 cm flux for

the period from 1947 to 1961 according to measurements by the National Research Council

of Canada. The maximum and minimum of the 10.7 cm flux for the 60 day period of June

and July of each year are indicated by bars to illustrate the amplitude of the 27 day fluctu-

ation and its behavior throughout the solar cycle.

In accordance with our working hypothesis, the fluxes of both heat sources have been

changed in proportion to the 10.7 cm flux, the fluxes obtained in Paper I being taken as the

reference level. The peak values of these fluxes for the five different models are given in

Table 1.
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Figure 1--Variatlon of the monthly averages of the 10.7 cm solar flux according to
measurements by the National Research Council of Canada. Bars indicate the maxi-
mum and minimum of the fluctuations in June and July of each year.

Table 1

Peak Fluxes of the EUV Heat Source and of the Corpuscular Heat Source Used in

Calculating the Five Models and the Obtained Exospheric Temperatures

10.7 cm

Radiation

Flux

25O

2OO

150

100

70

Heat

Source Fluxes

am 2 -seal

EUV Corpus-
cular

1.159 1.29

.927 1.03

.695 .77

.464 .52

.325 .36

Temperature

(°K)

14 h 4 h

2121 1392

1768 1163

1409 943

1046 737

827 612

Diurnal

Maximum

Temper- Local

ature Time

(°K) (hours)

2135 15

1768 14

1416 13

1073 12

866 12

Diurnal

Minimum

Temper-

ature

(°K)

1392

1161

934

716

588

Local

Time

(hours)

4

3

2

1

0



Thetheoreticalmodelsof theupperatmospherederivedfrom thesevaluesof theheat
sourcefluxesare intendedto behelpfulaidsin derivingdensitiesandtemperaturesfrom
satellitedataduringthecomingyears. Furthermore,bycomparisonwith futuredensity
dataobtainedby observation,theyshouldyield informationontheactualvariationof the
heatsourcesduringthe 11year solar cycle. Sincethereal variationis notyet known,the
10.7cmflux indicesaremainlymodelnumbersusedto distinguishbetweenthe modelsin
a self-evidentmanner.

In calculatingthesemodelsthefollowingsimplificationshavebeenmade: It is as-
sumedthat theboundaryconditionsat 120km remainunchangedthroughoutthesolar cycle.
In thepresentpaperthe"Set1" boundaryconditionsof PaperI areused. Furthermoreit
is assumedthattheshapeof thediurnal variationandtheheight-dependenceof thecorpus-
cular heat sourceare constantthroughoutthesolar cycle. In all otherdetails, thecalcula-
tionsexactlyfollowtheproceduredescribedin PaperI. Theresults for thefive models
arepresentedin Figures2 through11.

Figure 2 showshowthe exospherictemperaturevaries if theheatsourcefluxesare
proportionalto themonthlyaveragesof the 10.7cm radiation. Thediurnal maximum,
minimumandmeanaveragesare given. Theycanberepresentedby straightlines:

Tmin = 4.47S + 275;

T : 7.05 s + 372,

w
o_

w
b-

where T_ and T are the diurnal minimum and maximum exospheric temperature in °K,

respectively, and s is the monthly average of the 10.7 cm flux in units of 10 -22 w/m2-cps.

The factor 4.47 in the first equation is in

_ t--__ --.... _j___ agreement with the value (4.5) obtained by
2ooo .... Jacchia (Reference 2) from the orbital

analysis of satellites. This can be con-

__]__L__-'_'___ sidered to confirm that our working hypoth-
1500

I000

50 1 O0 150 200 250

10.7 cm SOLAR FLUX (m_---_cps )

Figure 2--The variation of the exospheric tem-
perature for the diurnal maximum and minimum
as a Function of the monthly averages oF the
10.7 cm Flux. The mean oF the maximum and

minimum temperature is also given.

esis is reasonable, but further checking

during the coming years of solar minimum

activity is needed to permit final conclusions.

The numerical values of the maximum

and minimum exospheric temperatures for

the five models are also given in Table 1

together with the local times at which they

occur, and the exospheric temperatures at

14 h and 4h local time.
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In Figure 3 the entire diurnal varia-

tion of the exospheric temperature is

shown for the five models. It can be seen

that the temperature maximum in the

models is shifted in local time from 15 h

(for years with very high solar activity)

towards noon, which is reached during

low solar activity. This behavior results

from keeping the time of the maximum

heating by the corpuscular source con-

stant regardless of solar activity. How-

ever, the local time of the maximum of

the diurnal variation of the corpuscular

heat source may change in such a manner

that the local time of the maximum of the

diurnal temperature variation will not

change appreciably during the solar cycle.

The observations at present are insuffi-

cient to determine the behavior of the exo-

spheric temperature maximum as a func-

tion of solar activity. It seems, however,

to be plausible from considerations of hy-

dromagnetic wave refraction in the area of

2OO0

1500
t..,

I000

500

0 6 12 18 24

LOCAL TIME (hours)

Figure 3--Diurnal variation of the exospheric
temperature as Function of local time for the
five models.

the equatorial bulge* that the diurnal maximum of heating by the corpuscular source shifts

from 9h towards noon, when the solar activity decreases. These considerations would im-

ply, of course, that the physical process of the corpuscular heat source is in fact the power

dissipation of hydromagnetic waves in the ionospheric F-layer.

In Figure 4 the diurnal density variation at 600 km is given for the five models. The

density exhibits the same behavior, with respect to the shifting of the maximum, as the

diurnal temperature variation. In Figures 5 and 6 the density is presented as a function

of altitude and solar activity for 14 h and 4 h local time, in the altitude ranges from 120 to

300 km and 300 to 2050 km respectively. The corresponding exospheric temperatures

are also given.

Figure 5 shows the range between 130 and 200 kin, where the daytime densities are

lower than the nighttime densities. This behavior is to be expected, since most of the

heating takes place in this altitude range. A crossing between the daytime and nighttime

density curve in the range from 170 to 200 km is necessary to conserve the mass of the

41P

*D. G. Wentzel, private communication,
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F;gure 4--Diurnal voriat_on oF density at 600 kin.

upper atmosphere during the diurnal vari-

ation. The solutions of the heat conduction

equation under quasi-hydrostatic conditions

automatically provide the conservation of

mass.

The influence of helium on the behavior

of the amplitude of the diurnal density vari-

ation is noticeable in Figure 6. The ampli-

tude (vertical bars connecting the day and

nighttime curves) increases initially as a

function of altitude due to the predominance

of N 2 , O 2 and O, and then as helium begins

to contribute appreciably to the density, it

decreases. At greater altitudes, however,

it again increases by a small amount. When

hydrogen becomes the predominant constit-

uent a similar decrease and final increase

of the amplitude of diurnal variation in den-

sity can again be expected. The peculiar

diurnaI density variation behavior with

varying solar activity is also shown in Fig-

ure 6. At 500 km the relative amplitude increases with decreasing solar activity, as is

marked by the variation of the length of the bars at 500 km. At 1000 km, however, the op-

posite occurs. At 1750 km, on the other hand, the amplitude remains almost constant dur-

ing the solar cycle. All these properties are easily understood from the expansion-

contraction of the upper atmosphere during the 11 year solar cycle and the corresponding

changes in the mean molecular weight.

The expected changes of the thermospheric composition as functions of altitude during

the solar cycle and diurnally from day to night can be seen in Figures 7 (14 h local time)

and 8 (4h), where the mean molecular weights are plotted as functions of altitude. During

very low solar activity, helium may begin to dominate the composition at an altitude as low

as 600 km during the night and at 750 km during the daytime. The importance of hydrogen

at altitudes above 1500 km is also obvious for years with low solar activity, particularly

during the nighttime.

In a similar manner, Figures 9 and 10 show the variation of the pressure scale height.

These figures reveal the complicated behavior of the upper atmosphere due to the combi-

nation of heating by absorption of solar energy and heat conduction. In the past, it has often

been thought that the scale height as a function of altitude could be approximated by a

straight line (constant scale height gradient). Figures 9 and 10 show, however, that an
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approximation of this kind can be made

only for very short ranges of altitude and

is therefore without physical significance.

Figure 11 shows the densities as

functions of temperature at different alti-

tudes from 200 to 1000 km. The local

times, 14 h and 4h , are the curve param-

eters. The nighttime densities are seen

to be 20 and 50 percent higher for equal

values of temperature, and this can occur

for different solar activity. If we attempt

to obtain information about atmospheric

temperatures from measured densities,

we must take into account the local time

of the measurement. The use of a one-

parameter family of atmospheric models

like the one given by Nicolet (Reference 7)

would lead to systematic errors and to a

too small amplitude for the diurnal tem-

perature variation. For years of very

high solar activity these systematic er-

rors can amount to 300°K at 200 km, to

250_K at 300 km, to 120_K at 500 km, and

to 70_K at 800 km. For lower solar activ-

ity these errors would become gradually

smaller, as can be seen in Figure 11.

The five models we presented here

(see Appendixes A-E) are intended to

provide some insight into what variations

of upper atmospheric properties are to

be expected during an 11 year solar cycle.

10-'" _

lO-a° I _

10-1° f _

10-s° _--\ \

" \

120 150 200 250 300 340

ALTITUDE ('kin)

Figure 5--Variation of'denslty from 120 to 350km
For the five models, at 14h and 4 h local time.
To prevent crowding, the ordlnate scales for the
curves correspondlng to the first four values o1:S
have been shlfted by one uMt each as indicated
7n the ordinate scale.

The comparison with future data for years of low solar activity will yield information con-

cerning the general behavior of the heat sources. For comparison with observational den-

sities, it is necessary that the data be reduced for the 27 day variation ("solar activity

effect") first, since the models do not allow for this effect. Similar reductions have also

to be made for the semiannual variation. The tables in Appendix B (labeled S -- 200) show

the model which is in agreement with the observational models obtained from satellite data

for 1958 through 1960 (Reference 1).
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Figure 7--The mean molecular weights as Functions of altitude for the five models at 14h
local tlme.
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Figure 8-The mean molecular weights as functions of altitude for the flve models at 4 h
local time.
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lO-m -- P" _" i

#I
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TEMPERATURE (°K)

Figure ] ]-The density as a function oftemperoture at seven selected altitucles
t:rom 200 to ]000 kin. The circles indicate the individual results From the

five models for 4 h Iocol time, the crosses For ]4 h Iocol time.
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Appendix A

Properties of the Upper Atmosphere as Functionsof Local Time
for S = 250

The properties of the upper atmosphere are tabulated as a

function of localtime (for every hour of the day) and as a function

of altitude (from 120 km to 2050 km). The quantities listed are:

temperature (OK); density (gm/cm3); pressure (dynes/cm2); scale

height (km); mean molecular weight, and number densities

(cm -3) for N2, O2, O, He, H. At the beginning of each page the

local time (in hours); the cosine of the zenith angle 8 of the sun

during the times of equinoxes on the equator; and the temperature

gradient at 120 km in °K/km (labeled INT GRAD) are given.

The model used applies to the earth's equatorial and temper-

ate zones when the average solar activity is represented by a

solar radiation flux of 250 × 10 -22 w/m 2-cps at a wavelength of

10.7 cm.

13
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Appendix B

Properties of the Upper Atmosphere as Functionsof Local Time
for S -- 200

The properties of the upper atmosphere are tabulated as a

function of local time (for every hour of the day) and as a function

of altitude (from 120 km to 2050 km). The quantities listed are:

temperature (_K); density (gm/cm3); pressure (dynes/cm2); scale

height (km); mean molecular weight, and number densities

(cm -3) for N 2, O 2, O, He, H. At the beginning of each page the

local time (in hours); the cosine of the zenith angle _ of the sun

during the times of equinoxes on the equator; and the temperature

gradient at 120 km in °K/km (labeled INT GRAD) are given.

The model used applies to the earth's equatorial and temper-

ate zones when the average solar activity is represented by a

solar radiation flux of 200 × 10 -2_ w/m=-cps at a wavelength of

10.7 cm.
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Appendix C

Properties of the Upper Atmosphere as Functions of Local Time

for S = 150

The properties of the upper atmosphere are tabulated as a

function of local time (for every hour of the day) and as a function

of altitude (from 120 km to 2050 km). The quantities listed are:

temperature (OK); density (gm/cm 3); pressure (dynes/cm 2); scale

height (km); mean molecular weight, and number densities

(cm -3) for N2, 02, O, He, H. At the beginning of each page the

local time (in hours); the cosine of the zenith angle 0 of the sun

during the times of equinoxes on the equator; and the temperature

gradient at 120 km in ¢_K/km (labeled INT GRAD) are given.

The model used applies to the earth's equatorial and temper-

ate zones when the average solar activity is represented by a

solar radiation flux of 150 × 10 -:2 w/m 2-cps at a wavelength of

10.7 cm.
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Appendix D

Properties of the UpperAtmosphereas Functions of Local Time

for S -- 100

The properties of the upper atmosphere are talmlated as a

function of local time (for every hour of the day) and as a function

of altitude (from 120 km to 2050 km). The quantities listed are:

temperature (OK); density (gm/cm3); pressure (dynes/cm 2); scale

height (km); mean molecular weight, and number densities

(cm -3) for N=, 02, O, He, H. At the beginning of each page the

local time (in hours); the cosine of the zenith angle e of the sun

during the times of equinoxes on the equator; and the temperature

gradient at 120 km in °K/km (labeled INT GRAD) are given.

The model used applies to the earth's equatorial and temper-

ate zones when the average solar activity is represented by a

solar radiation flux of 100 × 10 -2_ w/m2-cps at a wavelength of

10.7 cm.
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Appendix E

Properties of the Upper Atmosphereas Functionsof Local Time

for S : 70

The properties of the upper atmosphere are tabulated as a

function of localtime (for every hour of the day) and as a function

of altitude (from 120 km to 2050 km). The quantities listed are:

temperature (_K); density (gm/cm3); pressure (dyaes/cm 2); scale

height (km); mean molecular weight, and number densities

(cm -3) for N_, 02, O, He, H. At the beginning of each page the

local time (in hours); the cosine of the zenith angle 0 of the sun

during the times of equinoxes on the equator; and the temperature

gradient at 120 km in _K/km (labeled INT GRAD) are given.

The model used applies to the earth's equatorial and temper-

ate zones when the average solar activity is represented by a

solar radiation flux of 70 x lff 22 w/m2-cps at a wavelength of

10.7 cm.
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